Objective: This study was undertaken to validate the first quantitative nuclear magnetic resonance (QMR) instrument designed and built to assess body composition in children from birth to adulthood (up to 50 kg). Design: A total of 50 pigs weighing between 3.0 and 49.1 kg were studied. Each piglet's body composition was assessed by quantitative nuclear magnetic resonance (QMR, EchoMRI-AH small), whole-body chemical carcass analysis for lipid and water content, and dual-energy X-ray absorptiometry (DXA, Hologic QDR 4500, using infant or adult whole-body scan acquisition programs where appropriate). Twenty-five piglets (3.1-47.2 kg) were randomly selected to calibrate the QMR instrument. The remaining 25 piglets (3.0-49.1 kg) were used to validate the instrument. Results: The precision of QMR to estimate fat mass (FM), fat-free mass (FFM) and total body water (TBW) for five consecutive scans was excellent (1.3, 0.9 and 0.9%, respectively). QMR measures of FM were highly and significantly correlated with chemical carcass analyses and DXA measures (r 2 ¼ 0.99 and r 2 ¼ 0.98, respectively). QMR and DXA FFM results were highly correlated (R 2 ¼ 0.99, Po0.01). TBW measures were strongly correlated between QMR and carcass analyses (R 2 ¼ 0.99, Po0.01). QMR overestimated FM by 2% and DXA measures (using the infant and adult scan programs) overestimated FM by 15% on average. Conclusion: QMR provides precise and accurate measures of FM, FFM and TBW in piglets weighing up to 50 kg. As the piglet is considered to be an excellent model of human development, these data suggest that QMR should provide the opportunity to acquire valuable body composition data in longitudinal studies in children, which is not possible or practical with other commercially available instrumentation.
Introduction
The prevalence and severity of obesity in children has increased worldwide at alarming rates over the past two decades. 1 According to the Centers for Disease Control and were overweight (X85 percentile of the 2000 body mass index (BMI)-for-age growth charts) and 27.6% were obese (X 95 percentile of the 2000 BMI-for-age growth charts). 2 The long-term health consequences of such early increases in weight-for-length and BMI of otherwise healthy infants and children are not well understood and body weight measures alone (i.e., without body composition) can be misleading. One of the major limitations of the current literature is the lack of information on body composition at birth and during infancy. 3 Although there are two main technologies commercially available: air-displacement plethysmography (ADP) and dual-energy X-ray absorptiometry (DXA); both have major drawbacks. ADP has been validated in infants up to 8 kg with the PeaPod [4] [5] [6] and in children 45 years of age with the BodPod, [7] [8] [9] [10] but not in infants and children between 6 months and 5 years, which constitute a major gap in measuring early childhood body composition. DXA has been validated and used in all age ranges to estimate body fat and fat-free mass (FFM). [11] [12] [13] However, the requirement for remaining motionless and the exposure to radiation limit its use in pediatric population and prohibits the possibility of obtaining repeated measures. Having accurate, precise and rapid measures of body composition using technology that allows children to move would greatly facilitate longitudinal studies during early childhood. The purpose of this study was to investigate the accuracy and precision of the novel quantitative nuclear magnetic resonance (QMR) technology (EchoMRI-AH small, Echo Medical System, Houston, TX, USA) for measuring body composition of infants and children (up to 50 kg). This technology creates contrast between soft tissues by taking advantage of the differences in relaxation times of the hydrogen nuclei spins in specific tissues, leading to a precise and accurate measure of body fat mass, FFM and total water. QMR has been successfully used in small animals of different sizes (mice, rats and marmoset) [14] [15] [16] [17] and in human adults. 18 QMR does not expose individuals to radiation, does not require immobilization and can span infancy through childhood, which makes it the most attractive technology for the estimation of body composition in the pediatric population.
Owing to the similarity in size and composition, the pig has been widely used as a human model for validating methods of body composition measurement, including magnetic resonance imaging, 19 computer-assisted tomography 20 and most notably DXA. [21] [22] [23] This study was undertaken to validate the first QMR instrument designed and built to assess body composition in children from birth through adulthood (up to 50 kg).
Materials and methods

Animals and procedures
A total of 50 pigs (Large White Â Dutch Landrace Â Duroc) weighing between 3.0 and 49.1 kg were studied. Each animal was weighed using a standardized electronic scale immediately before being anesthetized (0.045 ml kg À1 intramuscularly initial dose and 0.022 ml kg À1 intramuscularly within Body composition A QMR instrument designed and built to accommodate infants and children weighing up to 50 kg (EchoMRI-AH small, Echo Medical Systems) was used to obtain body composition in anesthetized piglets. The piglets were placed in the prone position with their limbs spread apart and five consecutive scans were performed. After each completed scan, piglets were fully repositioned. Immediately after QMR measurements, body composition measurements were also performed using DXA (Hologic QDR 4500 upgraded to Discovery A densitometer, Hologic Inc., Bedford, MA, USA). DXA scans were performed using procedures similar to those used for the pediatric population (Hologic QDR software version 12.3). In small animals, the Hologic infant whole-body scan program was performed; whereas, in older animals the whole-body scan program for adults was selected. Quality control measures were performed daily according to the manufacturer's recommendations. The piglets were placed in the prone position with their limbs spread apart and five consecutive scans were performed, and after each completed scan, piglets were fully repositioned.
Precision (standard deviation and coefficient of variation of the repeated measurements) and accuracy (differences with the carcass analysis measure) were evaluated.
Chemical carcass analysis
The carcasses were homogenized by grinding as described previously. 24 Homogenized tissue samples were analyzed for fat content after chloroform/methanol extraction by methods previously published 25 and for water content by lyophilization. Briefly, piglets o5 kg were autoclaved at 121 1C for 2 h, cooled to 3 1C and then homogenized for 1 min in a food processor (Model R10, Robot Coupe, Ridgeland, MS, USA). Piglets weighing more than 5 kg were homogenized three times using a whole-body grinder (Model 810m GH, Autio, , Astoria, OR, USA). Water content of 0.5 kg of carcass homogenate was determined by lyophilization. Lipid analysis was carried out on quadruplicate of 3-5 g samples of wet carcass homogenate. Each sample was extracted for 24 h in a 125-ml separatory funnel containing 60 ml of chloroform/methanol (2:1, (v/v)). The samples were then mixed with 12 ml of a 0.88% potassium chloride solution before another 24 h of permit phase separation. The lower phase was drained and evaporated off at 70 1C under a stream of nitrogen in a sample concentrator (Sybron SC248 Sample Concentrator, Brinkman Instruments, Mississauga, Ontario, Canada). The amount of lipid extracted was weighed.
Calibration and validation of QMR Twenty-five piglets (3.1-47.2 kg) were randomly selected to calibrate the QMR instrument. Body composition results from the carcass analyses for these piglets were used to adjust the high-dimensional regression models of the QMR device. The remaining 25 piglets (3.0-49.1 kg) were used to validate the instrument. QMR, DXA and carcass 
Results
Of the 50 pigs, 25 were randomly selected piglets to calibrate the QMR instrument against chemical analyses results (calibration data set). The accuracy and precision of the instrument was further validated with the remaining 25 pigs (validation data set). Both the calibration and validation groups spanned the weight range of the instrument (3.1-47.2 kg and 3.0-49.1 kg, respectively). The precision of QMR to estimate fat mass (FM), FFM and total body water (TBW) for five consecutive scans was excellent with small coefficients of variation in both the calibration (1.2, 1.0 and 0.1%, respectively) and validation data sets (1.3, 0.9 and 0.9%, respectively). DXA coefficients of variation were higher for FM compared with QMR, but excellent for FFM and bone mineral content estimation for both the calibration (3.7, 0.6 and 1.2%, respectively) and validation data sets (3.7, 0.6 and 1.8% respectively).
QMR measures of FM were highly and significantly correlated with chemical carcass analyses and DXA measures (Tables 1 and 2 ). The new regression models adjusted the estimation of QMR FM for heavier body weights, thus gaining in accuracy of the measures (Figure 1 ). QMR showed excellent accuracy for FM in lower weight animals, whereas the results of heavier animals displayed more variations. Compared with chemical lipid analysis, DXA underestimated FM in low-body-weight animals when using the infant whole-body option, but it overestimated FM in heavier animals when using the whole-body option for adults (Figure 2a ). DXA overestimated FM by 15% on average (B400 g) relative to chemical analysis, whereas QMR overestimated FM by only 2% on average (43 g, Table 3 ).
After calibration, FM (%) was highly correlated between QMR and chemical lipid analyses (R 2 ¼ 0.87, Po0.01, Table 2 and Figure 2b ). TBW measures were highly correlated between QMR and lyophilization analyses (R 2 ¼ 0.99, Po0.01, Figure 3 and Table 2 ).
Discussion
Current research is testing the hypothesis that metabolic programming during early stages of development leads to Figure 1 Correlation between quantitative magnetic resonance (QMR) and chemical analysis of the carcass for total body fat mass. The calibration data set was obtained using old regression models, whereas the validation data set was obtained using the new regression models based on our carcass analysis results.
Infant and children new body composition method A Andres et al obesity later in life. Obtaining accurate and precise measures of body composition in infants and children is critical to testing such hypotheses in both cross-sectional and longitudinal studies. In this study, we assessed a device specially designed to accommodate infants and children up to 50 kg (QMR, EchoMRI-AH, Echo Medical Systems). QMR results were compared with chemical analyses of the carcass, which can only be performed postmortem and which is considered the gold standard by many scientists, because it directly assesses the fat, water and mineral content. DXA analyses were also performed to compare the precision and accuracy of QMR with existing methodology used widely in clinical research.
The most frequently used models to evaluate body composition divide body weight into two compartments: FM and FFM. More advanced multiple-compartment models further partition FFM into its various components: water, proteins and minerals. 26, 27 Numerous techniques are currently available to evaluate body composition. However, some of these techniques are not practical for use in the pediatric population, such as doubly labeled water (multiple sampling required, plus a washout period), magnetic resonance imaging (movement is problematic), computed tomography (radiation exposure) and hydrostatic weighing (underwater weighing is problematic for children). Several other techniques do not provide the accuracy and precision needed to conduct longitudinal studies monitoring weight gain/loss, such as bioelectrical impedance analysis, near infrared interactance, ultrasonography and skinfold thickness. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] The most commonly used techniques for measuring body composition in humans are ADP and DXA. Air-displacement plethysmography is a successful method to assess whole-body composition. The infant size instrument (PeaPod, weight limit of 8 kg) has been validated in several studies. 5, 4, [38] [39] [40] The procedure is easy, quick and results in excellent body fat measurement precision. 
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The adult-sized instrument (BodPod) has also been validated in children as young as age 5 years. At present, no ADP instrument can span the 6 months to 5-year range, which limits the use of ADP for longitudinal studies. DXA uses lowintensity collimated X-ray beams at two energies (140 and 70 keV) to scan the whole-body or specific bone sites. 41 Despite the low radiation exposure for a whole-body infant scan (8.9 mSv for a neonate) compared with a transcontinental flight (40 mSv), the X-ray exposure limits the acquisition of repeated measures and longitudinal data sets, 42 especially in young children. In addition, movement during the scanning process reduces the reliability of the results, which is a main challenge in infants and children. The QMR instrument validated in this study has been designed to overcome the limitations of the ADP and DXA technology.
It is important to note that within our study design, 25 piglets were used to calibrate QMR against lipid analyses and a separate set of 25 piglets were used to validate the QMR instrument. Thus, actual chemical lipid analysis data were used to calibrate QMR, and the validation data set was used to compare this calibrated QMR technology with chemical analysis. Using the QMR calibrated and validated in this manner, we were able to determine that this instrument and technology accurately and precisely assesses total body fat and body water over a wide body weight and body size range (3-50 kg) that span between human newborns and adolescents. At this time, this is the only technology that allows for accurate, precise and practical measures of body composition in unanesthetized children, which will be beneficial in longitudinal studies of child growth and development. Importantly, QMR does not require children to remain still as required for DXA.
Although the main objective of this study was to demonstrate the capabilities of the QMR, we also wanted to compare the QMR results with those of the Hologic DXA instrument currently being used for several longitudinal studies. Thus, because the intent was to determine how the results of the validated QMR compared with the DXA calibrated for pediatric studies by Hologic, DXA was not recalibrated using the chemical lipid analysis. Under these comparative conditions, QMR showed excellent precision (CVB1.5%) in measuring FM compared with DXA (CVB3.5%). The accuracy of the QMR instrument was also greater than DXA in estimating FM compared with carcass analysis (overestimation of 2 vs 15%, respectively). These data are consistent with previously published studies using the animal size QMR instrument. 43 As previously reported, 30 DXA underestimated FM in small animals (similar weight as infants) and overestimated FM in heavier animals (similar weight as children age X2 years). The reliability of DXA measurements for this range of pediatric population (infant o40 kg) has been previously questioned. 12 sized that the differences between QMR and DXA in this study may be exaggerated because the two instruments were not calibrated under the same conditions. Good agreement was observed between the QMR method and the chemical lipid analysis method, with a mean difference of 0.5%. This is very similar to the difference that was previously found between the four-compartment model and the PeaPod instrument. 5 In that study, PeaPod overestimated %FM by 0.6% compared with the criterion method (four-compartment model) and the reliability of repeated measures was exceptional (0.4%FM), which is similar to what we found with QMR (À0.2%FM).
The QMR technology has been recently validated for adults and found to have a precision that was about three times better than the current best measures. 18 The authors concluded that the methodology will reduce the study duration and cohort number to evaluate anti-obesity interventions. The pediatric version of the QMR, as described in this study, is very similar in accuracy and precision of the measurements. This technology is very promising and will allow longitudinal acquisition of data sets in the pediatric population, which has been, up to now, a major challenge. The limitations to the QMR technology are similar to other techniques currently used and include the measure of wholebody adiposity rather than regional adiposity and the requirement for two different pieces of equipment to gain knowledge on overall body composition and bone mineral content. The advancement of the nuclear magnetic resonance technology (by Echo Medical Systems) may allow the evaluation of regional adiposity as well as bone mineral content using a unique piece of equipment in the near future. In addition, future validation of the instrument against a criterion method within the pediatric population will be necessary to evaluate the precision and accuracy of the device. Such a study is underway at our center and will provide the necessary data to conclude on the effectiveness of the instrument.
